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Background. Experimental analysis of gene function is increas-
ingly being accomplished using mouse models. Glomerular mal-
formations occur in mice in which the platelet-derived growth
factor (PDGF) B-chain gene or the PDGF receptor b-subunit
gene have been deleted. To understand potential PDGF signaling
pathways in the kidney, we determined the expression pattern of
PDGF ligand and receptor genes in mouse kidney during devel-
opment and in the mature adult kidney.
Methods. We used in situ hybridization to map the expression of
transcripts encoding the PDGF ligands (A-chain and B-chain) and
PDGF receptors (PDGFRa and PDGFRb) in the developing and
mature kidney of the mouse.
Results. PDGF A-chain transcripts are expressed by epithelial
cells (especially in what appear to be the loop of Henle) and
possibly in vascular smooth muscle cells. Its receptor, PDGFRa, is
expressed by interstitial cells. PDGF B-chain transcripts are most
highly expressed by vascular endothelial cells of developing and
adult kidney and minimally by visceral epithelia of immature
glomeruli. PDGFRb transcripts are expressed by fetal blastemal
cells, interstitial cells, mesangial cells, and vascular smooth muscle
cells and by adult mesangial and interstitial cells. PDGFRa and
PDGFRb expression is especially prominent in lipid-laden inter-
stitial cells in the adult kidney.
Conclusions. These patterns of expression are similar, but not
identical, to those observed in rat and human and suggest that
paracrine interactions mediated by the PDGF/PDGF receptor
system may coordinate the development of the tubular, vascular,
and interstitial components during kidney development and dis-
ease.
Platelet-derived growth factor (PDGF) is a widely ex-
pressed growth factor with both mitogenic and chemotactic
activities for many connective tissue cell types. The PDGF
family includes three proteins formed from two polypeptide
chains, the PDGF A-chain and the PDGF B-chain [re-
viewed in 1]. These chains dimerize to form disulfide
bonded homo- and heterodimers: PDGF-AA, -AB, and
-BB. Similarly, the two PDGF receptor proteins (PDGFRa
and PDGFRb) dimerize noncovalently to form high-affin-
ity binding sites [2]. Not all forms of ligand bind to all forms
of the receptor with high affinity. Notably, high-affinity
binding of PDGF isoforms containing PDGF A-chain
requires PDGFRa. PDGFRa and PDGFRb differ some-
what in the sequence of their intracellular domains [re-
viewed in 3], which suggests that they might generate
different intracellular signals. Despite this potential, there
are few, if any, processes evaluated in cell culture that have
been demonstrated to be uniquely dependent on one of the
PDGFR proteins in every cell type. A second (non-exclu-
sive) possibility is that the differing specificity of the two
receptor subunits, and the secretion of different isoforms of
PDGF by different cells at different times, evolved to allow
the PDGF system to function as a set of partially overlap-
ping, and partially distinct, regulatory networks. For exam-
ple, a cell expressing PDGFRa could respond to any
isoform of PDGF. A second cell type that expressed only
PDGFRb could respond to PDGF-BB but not to
PDGF-AA or PDGF-AB. Testing the hypothesis that the
biological functions of different forms of PDGF and PDGF
receptors will be largely determined by their pattern of
expression requires two types of information: (1) an accu-
rate and complete description of when and where the
component receptors and ligands are expressed, and (2) a
systematic evaluation of the consequences of experimental
manipulation of expression levels. In this report we provide
the first category of information for kidney in the mouse, a
species that is increasingly used for experimental manipu-
lation by genetic techniques.
The importance of PDGF B-chain and PDGFRb in
murine kidney development is demonstrated by the obser-
vation that inactivation of either the PDGF B-chain gene
[4] or the PDGFRb gene [5] results in an absence of
mesangial cell formation and failure to form the glomerular
tuft. The importance of PDGF A-chain and PDGFRa is
less clear. Disruption of the PDGF A-chain gene [6] and
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PDGFRa [7, 8] did not result in obvious abnormalities in
the structure of the kidney.
In addition to the proposed roles during renal develop-
ment, PDGF has also been proposed to mediate some of
the cellular changes that follow injury to the adult kidney,
including some manifestations of mesangial proliferative
disorders. Fellstrom et al first reported that glomerular
PDGFRb expression was elevated in a variety of human
inflammatory and proliferative kidney diseases [9], and
similar observations have been made by others [10, 11]. A
role for PDGF in mesangial proliferative kidney disease is
supported by results from cell culture studies and animal
models of renal disease. Cultured mesangial cells express
PDGF receptors and are both mitogenically [12] and
chemotactically [13] stimulated by PDGF. Mouse models
of mesangial proliferative glomerulonephritis demonstrate
up-regulation of PDGF expression [14]. Immune-mediated
mesangiolysis in rats results in initiation of glomerular
production of PDGF B-chain and increased expression of
PDGFR-b by mesangial cells [11], which is closely corre-
lated with mesangial cell proliferation. A neutralizing an-
tibody to PDGF markedly diminishes the cellular prolifer-
ation normally observed in this rat model of mesangial
proliferative disease [15]. Mesangial cells proliferate in
response to infused PDGF B-chain if first “primed” by a
sublytic immunological challenge [16], indicating that mes-
angial cells can respond to PDGF in vivo as well as in vitro,
but that responsiveness may require additional alterations
in the state/environment of the target cells. PDGF B-chain
expression in vivo has also been increased experimentally
via direct transfection of rat glomeruli in vivo and results in
cell proliferation in glomeruli [17]. PDGF may contribute
to other renal diseases in addition to mesangial prolifera-
tive disease. Increased expression of PDGF A-chain is
observed in the endothelium of arteries in kidneys under-
going transplant rejection [18], and the proliferative re-
sponses of glomerular visceral epithelial cells are associated
with increased expression of PDGF B-chain [19].
Despite the significant number of studies on the role of
PDGF/PDGFR during kidney development and disease,
there has not been a comprehensive examination of PDGF
or PDGFR expression patterns during development and in
the normal adult mouse kidney. In this study, we examine
the expression pattern of all four components of the PDGF
ligand/receptor system sequentially through the late stages
of murine embryogenesis and in the mature metanephric
kidney, and identify patterns of localization from which
potentially important epithelial/stromal interactions may
be inferred. Knowledge of murine patterns of PDGF
expression should be particularly useful in view of the
intense efforts of many investigators to develop murine
models of renal injury that resemble human diseases and
well-studied models of kidney disease in rats, so that the
tools of mouse genetics can be brought to bear on mecha-
nistic questions of pathophysiology.
METHODS
Source of tissue
Time-mated pregnant Swiss-Webster mice were ordered
from Simonsen Laboratories (Gilroy, CA, USA) and
housed by the Department of Comparative Medicine until
tissues were taken for processing. The mice were eutha-
nized by CO2 asphyxiation and adult and embryonic tissues
(E14.5-E17.5) fixed in 4% paraformaldehyde, 0.1 M sodium
phosphate buffer pH 7.4 for 3 to 7 days prior to embedding
in paraffin. Adult kidneys were transversely bisected before
fixation. Embryonic kidneys were fixed in situ after opening
the back and abdominal cavity to allow penetration of the
fixative.
Molecular probes
Antisense riboprobes were produced from the T7 pro-
moter after the plasmid (described below) had been linear-
ized with HindIII. All the probes were labeled by incorpo-
ration of [a-33P]UTP (New England Nuclear, Boston, MA,
USA) using an in vitro transcription kit (Promega Biotec,
Madison, WI, USA) and hydrolyzed to an average length of
150 nt.
PDGFRa . A 1636 bp EcoRI fragment of the mouse
cDNA (GenBank Acc. # M57683; nt 201-1837) was cloned
into the EcoRI site of pGEM-3Zf1 (Promega Biotec). The
full length probe is 1692 nt and corresponds to the extra-
cellular domain, the transmembrane domain, and the first
40 aa of the intracellular domain.
PDGFRb. A 2075 bp PstI fragment of the mouse cDNA
(GenBank Acc. # X04367; nt 1667 to 3742) was cloned into
the PstI site of pGEM-3Zf1 (Promega Biotec). The full
length probe is 2131 nt and corresponds to 20 aa of
extracellular, all of the transmembrane and intracellular
domains, and 310 nt of 39 untranslated cDNA.
PDGF A-chain. A 536 bp SmaI fragment of the mouse
cDNA (GenBank Acc. M29464; nt 1-906) was cloned into
the SmaI site of pGEM-3Zf1 (Promega Biotec). The full
length probe is 592 nt and corresponds to most of the
mature PDGF A-chain molecule and 25 nt of 39 non-
translated cDNA.
PDGF B-chain. A 806 bp EcoRI fragment of a mouse
cDNA (cut from pMBSK which contains a 752 bp fragment
of mouse B-chain, 26 bp of cloning vector DNA on the 39
end and 28 bp of cloning vector DNA on the 59 end; a kind
gift from C. Stiles, Dana-Farber Cancer Institute, Boston,
MA, USA) was cloned into the EcoRI site of pGEM-3Zf1
(Promega Biotec). The full length probe is 862 nt and
corresponds to the whole PDGF B-chain molecule (752 nt),
30 nt of untranslated B-chain cDNA (8 nt 39 and 22 nt 59)
and 80 nt of cloning vector DNA.
In situ hybridization
Six to 8 micron sections were deparaffinized, hydrated,
and fixed for 10 minutes with 4% paraformaldehyde, 0.1 M
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sodium phosphate, pH 7.4. The slides were then washed
five minutes in 0.1 M sodium phosphate, pH 7.4, followed by
7.5 minutes in 20 mg/ml proteinase K, 0.05 M Tris pH 7.1, 5
mM EDTA at 37°C, five minutes in 4% paraformaldehyde,
0.1 M sodium phosphate, pH 7.4, and then five minutes in
0.1 M sodium phosphate, pH 7.4. The sections were im-
mersed in 0.1 M triethanolamine, pH 8.0, for five minutes,
and then in 0.1 M triethanolamine, 0.25% acetic anhydride,
pH 8.0, for 10 minutes with agitation for the first minute.
The slides were next dipped 20 times in 2 3 SSPE,
dehydrated through a graded series of ethanol, and air
dried at room temperature. Hybridization buffer (50%
formamide, 2 3 SSPE, 13 Denhardt’s, 10% dextran sul-
fate, 20 mM Tris, pH 7.4, 5 mM EDTA, 100 mg/ml yeast
tRNA) containing 5 3 107 cpm/ml of 33P-labeled RNA
probe was added to the tissue sections and a coverslip
applied. The sections were incubated overnight at 60°C.
The slides were soaked for 15 minutes at room temperature
in 2 3 SSC, the coverslips removed, and the slides soaked
in fresh 2 3 SSC for 15 minutes. The slides were washed at
high stringency, 10 minutes at 65°C in 50% formamide, 5
mM EDTA, 20 mM Tris, pH 7.4, and rinsed in 2 3 SSC. The
sections were exposed to 20 mg/ml RNAse A in 10 mM Tris,
pH 7.1, 1 mM EDTA, 0.5 M NaCl for 30 minutes at 37°C.
They were then rinsed at room temperature in the same
buffer but without RNAse A. A high stringency wash at
65°C (as described above) was repeated and the sections
were washed for 30 minutes in 2 3 SSC with gentle
agitation. The sections were then dehydrated in a graded
ethanol series, air dried at room temperature and dipped in
Kodak NBT-2 emulsion. The emulsion coated slides were
stored in the dark for three to six weeks, developed in
Kodak D19 developer and counterstained with hematoxylin
and eosin.
Probe specificity
The specificity of the riboprobes were first tested by
Northern blotting using as a target either the plasmid DNA
template from which the respective riboprobes were gen-
erated or total RNA isolated from 13-day mouse placenta
RNA (previously performed Northern blots had shown that
placenta expresses all four of the PDGF and PDGF
receptor genes). After RNase treatment to reduce non-
specific hybridization, both sense and antisense P-33 ribo-
probes labeled the double-stranded plasmid DNA, but only
the anti-sense probes labeled transcript bands appropriate
for each of the target transcripts in placental RNA. The
sense and anti-sense probes were then tested on sections of
13-day mouse placenta and saggitally sectioned 13-day
mouse embryos. Each of the anti-sense probes labeled an
array of cell types depending on the probe and the tissue
type examined, and no labeling was seen with any of the
sense probes in any of the tissues. In subsequent experi-
ments the sense probes were not always included. The
unique labeling pattern of the four probes served as a
controls for each other; that is, every cell type that was
labeled by one of the probes was not labeled by one or
more of the other probes.
RESULTS
PDGF and PDGFR expression during mouse renal
development
Kidney development results from inductive interactions
between ureteric bud epithelia and metanephric blastemal
mesenchyme. The tip of ureteric bud branches and induces
the kidney blastema to condense and form vesicles. These
vesicles cavitate, elongate and undergo regional differenti-
ation to form both glomeruli and tubules (proximal and
distal tubules and the loop of Henle). The extensions of the
branched ureteric bud fuse with the tubular system of the
developing nephron and contribute the collecting tubules
and ducts of the fully formed nephron. Our analysis of
PDGF/PDGF receptor expression follows these develop-
mental pathways; that is, expression in the ureteric bud
epithelia, blastema, vesicle, glomerulogenesis, tubulogen-
esis and the kidney interstitium. Table 1 summarizes the
expression data in both the embryonic and adult kidney.
Overview
We evaluated PDGF/PDGFR expression between days
E14.5 through E17.5. We illustrate the findings with Fig-
ures taken from E17.5 embryos because kidneys at this
developmental stage include examples of all stages of renal
development. Figure 1 provides a low magnification over-
view of PDGF/PDGFR transcript expression in E17.5
mouse kidney. It is immediately apparent that the four
PDGF/PDGFR genes are expressed in distinctly different
patterns. PDGFRa transcripts are diffusely expressed
throughout the interstitium, especially near the renal pelvis,
while PDGFRb transcripts are also broadly expressed
throughout the interstitium but are most highly expressed
immediately adjacent to epithelial structures. PDGF A-
chain transcripts are expressed in a punctate pattern at very
high level near the renal pelvis and at lower level in more
cortical regions. PDGF B-chain transcripts are broadly
expressed throughout the kidney but also appear to be
more highly expressed in a punctate pattern. The following
sections describe these patterns of expression in greater
detail. The locations from which subsequent high-magnifi-
cation photos were taken are indicated by boxes in the H &
E stained section in Figure 1.
Ureteric bud derivatives
Figure 2 shows collecting duct epithelium (derived from
the ureteric bud) emptying into the renal pelvis. None of
the PDGF/PDGFR genes are detected in the collecting
duct epithelium nor in the tall transitional epithelium lining
the renal pelvis immediately adjacent to the origin of the
ureteric buds. This contrasts with the strong expression of
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PDGF A-chain by nearby epithelial cells in the renal
papilla. PDGF A-chain transcripts are expressed at low
level in the transitional epithelial cells which line the rest of
the renal pelvis in E16.5-E17.5 embryos (seen at low
magnification in Fig. 1 but not apparent in Fig. 2). Figure 3
shows the branching tips of the ureteric bud which project
into the blastemal mesenchyme. Again, these epithelial
cells do not express detectable PDGFRa, PDGFRb, or
PDGF B-chain, but there does appear to be low level
expression of PDGF A-chain. Expression of PDGF A-chain
by these epithelial cells is not much above the limit of
detection at this time point, but is more highly and broadly
expressed in ureteric bud epithelia of E14.5 embryos (data
not shown). This suggests that as the ureteric bud branches
and differentiates, expression of PDGF A-chain decreases.
The low level expression by epithelial cells in Figures 2 and
3 contrasts with the striking expression of PDGFRa,
PDGFRb, and PDGF B-chain within the interstitium (see
below).
Blastema and glomeruli
The ureteric bud epithelium contacts the blastemal mes-
enchyme and induces vesicle formation at the outer edge of
the embryonic kidney cortex. The blastema appears to
express low levels of PDGFRa and PDGFRb transcripts
but not PDGF A-chain or PDGF B-chain (Figs. 1 and 3).
PDGF B-chain transcripts are found in the interstitium
surrounding the vesicular epithelium, usually associated
with blood vessel profiles. As the vesicular epithelium
progresses to later (comma and S-phase) stages of glomer-
ular development (Fig. 4), both PDGF A-chain and B-
chain are expressed at low levels by epithelial cells. PDGF
A-chain is expressed at the earliest stages (vesicle) whereas
PDGF B-chain expression occurs at later stages (S-phase)
of glomerular development (Fig. 4e). PDGFRa is ex-
pressed by cells surrounding the glomerulus and PDGFRb,
and PDGF B-chain transcripts are present in the mesen-
chymal/interstitial cells that are recruited into the glomer-
ular cleft and that will form the vascular tuft of the mature
glomerulus. These cells express PDGFRb and PDGF B-
chain transcripts at especially high levels during the later
stages of glomerular development when capillaries are
beginning to fill the glomerular tuft (Fig. 5). By this stage,
PDGFRa transcripts are barely detectable and PDGF
A-chain transcripts are undetectable.
Tubules
The distal portion of the vesicular epithelium elongates
and forms the proximal and distal tubules, with the inter-
vening ascending and descending tubules and the loop of
Henle. Proximal tubules are readily identified by the large
eosinophilic cytoplasm and do not express any of the
PDGF/PDGFR transcripts (Fig. 6). Distal tubules are
harder to distinguish in the cortical region but presumably
do not express any of the PDGF/PDGFR genes either,
since none of the tubular structures in the cortical region
are labeled above a background level. PDGF A-chain
transcripts are very highly expressed in tubules with a
tightly packed cuboidal epithelium that are found near the
renal pelvis (Figs. 2 and7). The tight restriction of PDGF
A-chain expression to a region near the border of the renal
pelvis is very obvious in the low magnification overview
(Fig. 1). These cells appear to be negative for PDGFRa,
PDGFRb and PDGF B-chain.
Interstitium and vascular structures
Both PDGFRa and PDGFRb are broadly expressed in
the embryonic kidney interstitium but in distinctly different
patterns (Fig. 1). PDGFRa transcripts are expressed by
most interstitial cells, with a gradient of expression level
from highest expression near the renal pelvis and lowest
Table 1. Platelet-derived growth factor (PDGF) and its receptor
expression in embryonic and adult mouse kidney
PDGFRa A-chain PDGFRb B-chain
Embryonic kidney
Blastema and derivatives
Blastema 1111 1/2 11 1/2
Vesicle epithelia 2 1 2 1/2
Comma epithelia 2 1 2 1/2
S-shaped epithelia 2 1 2 1
Glomerular epithelia 2 2 2 11
Proximal tubules 2 2 2 2
“Loop of Henle” 2 1111 2 1/2
Distal tubules 2 2 2 2
Ureteric bud and derivatives
Ureteric bud 2 1/2 2 2
Collecting tubules 2 2 2 2
Urothelium 2 1 2 2
Mesenchyme and derivatives
Mesenchyme 1111 1/2 11 1/2
Mesangial cells 1/2 2 1111 2
Endothelial cells 2 2 2 11
Smooth muscle cells 2 11 111 2
Adult kidney
Blastema-derived epithelia
Glomerular epithelia 2 2 2 2
Proximal tubules 2 2 2 2
“Loop of Henle” 2 111 2 2
Distal tubules 2 2 2 2
Ureteric bud-derived
epithelia
Collecting tubules and
ducts
2 2 2 2
Urothelium 2 2 2 2
Mesenchyme-derived cells
Tubular interstitial cells 111 2 1111 1/2
Lipid-laden interstitial cells 111 2 111 2
Mesangial cells 1/2 2 1111 2
Endothelial cells 2 2 2 11
Smooth muscle cells 2 1/2 2 2
Vascular adv. fibroblasts 111 2 111 2
This table summarizes the PDGF ligand and receptor expression data in
the embryonic and adult mouse. The number of pluses is based on a visual
estimate of expression is meant only to represent relative differences of
expression for each probe. The data should not be viewed as quantitative
nor providing comparison of expression levels between the different
molecules. A 1/2 entry indicates that transcripts, if present, produce a
signal that is barely above background silver grain density.
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expression near the outer surface of the kidney. PDGFRb
expression does not have a similar cortico-medullary gra-
dient of expression and its pattern of expression is less
uniform than that of PDGFRa (Fig. 1). PDGFRb is most
highly expressed in association with blood vessels, including
large and small interstitial blood vessels and the capillary-
filled glomerular tuft (such as, Fig. 5). PDGF A-chain is not
detectably expressed by interstitial cells. PDGF B-chain
expression is mostly restricted to the endothelium of blood
vessels, presumably expressed by endothelial cells. PDGF
B-chain expression by endothelial cells is difficult to discern
due to the high cell density and histological complexity of
the embryonic kidney. Vascular/endothelial expression of
PDGF B-chain is much more readily seen in the embryonic
mid-brain (Fig. 5 e, f) where clusters of silver grains are
nearly always associated with small blood vessels.
PDGF and PDGFR expression in adult kidney
Overview
Figure 8 provides a low magnification overview of the
expression patterns of PDGF/PDGFR genes in the adult
mouse kidney. The H&E stained section (top panel) shows
that this section of kidney extends from the edge of the
renal cortex down through the medullary region to the tip
of the renal papilla. At this magnification it is apparent that
PDGFRa expression is barely detectable in the cortex, is
expressed at higher levels in the medulla, and is most highly
expressed in the renal papilla. PDGFRa is also highly
expressed by cells in the renal capsule and in the connective
tissue lining the renal pelvis. PDGF A-chain expression is
highest in the renal papilla with a gradient of expression
ranging from high at the medullary-papillary border to low
at the tip of the papilla. PDGFRb transcripts are expressed
throughout the kidney, with the highest interstitial expres-
sion in the papilla and additional punctate expression in the
cortex. PDGF B-chain expression is less readily detectable
than the other PDGF/PDGFR members. However, PDGF
B-chain does seem to be expressed focally in all layers of
the kidney, sometimes by cells arranged in linear arrays
oriented in a cortical to papillary direction. The following
sections describe these patterns of expression in greater
detail. The locations from which subsequent high-magnifi-
cation photos were taken are indicated by boxes in the H &
E stained section in Figure 8.
Glomerulus
Both PDGFRb and PDGF B-chain transcripts are ex-
pressed in the mature glomerulus (Fig. 9). PDGFRb is
expressed in a mesangial cell pattern and PDGF B-chain
might be expressed by either glomerular endothelial cells or
podocytes. Neither PDGFRa nor PDGF A-chain are ex-
pressed at detectable levels.
Cortex
None of the PDGF/PDGFR genes are expressed by
cortical tubular cells and PDGF A-chain transcripts are not
detectably expressed anywhere in the renal cortex (with the
possible exception of vascular smooth muscle cells, see
below). PDGF B-chain is not highly expressed in the cortex
(Fig. 8) but positive cells (probably endothelial cells; see
below) are occasionally seen in the cortical interstitium
(Fig. 10). Both PDGFRa and PDGFRb are expressed by
interstitial cells surrounding the tubular epithelial cells of
the renal cortex (Fig. 10). Based on a similar pattern of
expression in human kidney that we evaluated by immuno-
electron microscopy [20], the interstitial cells expressing
PDGFRb are interstitial fibroblasts rather than capillary
endothelial cells.
Medulla
None of the PDGF/PDGFR genes are detectably ex-
pressed in tubular or ductal epithelial cells in the medulla.
Both PDGFRa and PDGFRb are expressed by interstitial
cells surrounding the tubules and collecting ducts in the
medullary region (Fig. 11). PDGF B-chain transcripts are
present in cells arranged in linear arrays passing from the
medullary into the cortical region. These cells are probably
endothelial cells of the vasa recta.
Papilla
The relatively poor preservation of morphological detail
in both the medulla and papilla after the in situ hybridiza-
tion protocol makes recognition of cell types particularly
difficult in these regions. Nonetheless, it appears that the
expression of both PDGFRa and PDGFRb in the papillary
region is in interstitial cells (not tubular epithelial cells),
consistent with the expression pattern in the kidney cortex
and medulla. In particular, expression of both PDGFRa
and PDGFRb is highest in cells with elongated nuclei
arranged in palisades (Fig. 12) having the appearance of
the lipid-laden interstitial cells described by Lemly and Kriz
[21]. This identification is based on two observations. First,
PDGFRa expressing cells and lipid-laden interstitial cells
have a similar distribution pattern in the adult kidney: they
are absent from the cortex and increase in number as one
proceeds from the medulla to the papilla. Second, the
PDGFRa expressing cells have the same appearance as
lipid-laden interstitial cells; that is, they form columnar
palisades of nuclei between tubules. PDGF B-chain is also
expressed by interstitial cells of unknown type. The papilla
is the region of the kidney in which PDGF A-chain is most
highly expressed, both in embryonic and adult kidneys
(Figs. 1 and 8). Expression of PDGF A-chain in the adult
kidney is largely restricted to tubular epithelial cells with
large round nuclei at the medullary-papillary border. The
number of cells expressing PDGF A-chain transcripts di-
minish to very low levels near the papillary tip.
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Fig. 1. PDGF/PDGFR expression in embryonic day 17.5 (E17.5) mouse kidney. These micrographs of kidney were obtained from parasagital sections
through whole E17.5 embryos and include the renal pelvis. Low magnification darkfield micrographs illustrate the pattern of expression of PDGFRa
(a), PDGF A-chain (b), PDGFRb (c), and PDGF B-chain (d). Panel (e) is a brightfield micrograph of an adjacent H&E stained section that shows the
morphology of the embryonic kidney and indicates the locations at which the higher magnification micrographs in Figures 2 to 7 were obtained. The
white bar in panel c indicates 250 microns and the black bar in panel e indicates 200 microns.
Fig. 2. PDGF/PDGFR expression near the renal pelvis of an E17.5 mouse. The white arrowheads in panel b indicate the tubular epithelia that express
very high levels of PDGF A-chain. The bar in panel c indicates 50 microns.
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Vascular structures
PDGFRb, and to a lesser extent PDGFRa, transcripts
are highly expressed by connective tissue cells surrounding
both small arteries and arterioles (Figs. 13 and 14), but are
not detectably expressed in the vascular SMCs themselves.
In contrast, PDGF B-chain is expressed by endothelial cells
of arterioles and small arteries (Figs. 13 and 14). PDGF
A-chain expression is difficult to detect in vessel walls but
occasionally appears to be expressed by vascular smooth
muscle cells (for example, Fig. 13).
DISCUSSION
Comparison of PDGF and PDGFR expression in mouse
to expression in other species
Some of the patterns of PDGF/PDGFR expression that
we observed in the mouse kidney are similar to the pattern
of expression observed in other species, but there are also
notable differences between species.
PDGF A-chain
In both fetal human [22] and developing mouse kidney,
PDGF A-chain is expressed by epithelial cells lining the
renal pelvis and by the early blastemally-derived vesicular
cells that will form glomerular and tubular epithelia. In the
mouse, PDGF A-chain transcripts are most highly ex-
pressed in tubules with a tightly packed cuboidal epithelium
that are found near the renal pelvis (Fig. 7). In humans,
expression by the epithelia lining the renal pelvis remains
very high in the adult kidney [22], whereas in the mouse it
declines below the detection limit. In immature human
glomeruli, PDGF A-chain is highly expressed by podocytes
and continues to be expressed by podocytes and visceral
epithelia in adult glomeruli [22]. By contrast, mouse podo-
cytes do not detectably express PDGF A-chain either
during development nor in the adult glomerulus.
PDGF A-chain expression is readily detected in vascular
smooth muscle cells of both fetal and adult human kidney
[18, 22] and in larger muscular arteries elsewhere in the
body [23, 24]. The E17.5 mouse kidney contains few vessels
large enough to include obvious vascular smooth muscle
cells. However, we did observe that PDGF A-chain is
expressed by vascular smooth muscle cells in arteries
elsewhere in the mouse embryo (unpublished observa-
tions). In the mouse, however, PDGF A-chain expression
by vascular smooth muscle cells declines to undetectable
levels in the adult kidney (Figs. 13 and 14).
PDGFRa
PDGFRa is broadly expressed by interstitial cells in
developing mouse and human [25] kidneys especially by
adventitial fibroblasts (Fig. 10 [25]). PDGFRa is expressed
in vascular arcades in the developing human but not mouse
kidney. Conversely, PDGFRa is expressed at significant
levels by blastemal cells in mouse but not human. We did
not detect PDGFRa expression in adult mouse glomeruli
(Fig. 9) and we rarely detected PDGFRa expression in
adult human glomeruli [25], although Gesuldo et al re-
ported that PDGFRa expression is readily detectable in
normal adult glomeruli [10].
PDGF B-chain
In both the mouse and human kidney, PDGF B-chain is
expressed by epithelial cells of the developing glomerulus.
In humans, PDGF B-chain expression is already apparant
in S- and comma-shaped vesicles, whereas in mice expres-
sion is not detected until after the glomerulus has become
Fig. 3. PDGF/PDGFR expression in blastema
and ureteric bud of an E17.5 mouse.
Abbreviations are: ub, ureteric bud; v,
epithelial-lined vesicle; bl, blastema. The bar in
panel c represents 20 microns.
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vascularized. In humans PDGF B-chain is expressed in
more differentiated glomeruli in a pattern suggesting that it
is expressed by mesangial cells [26], whereas in the mouse
PDGF B-chain expression in later stage glomeruli is more
diffuse and the resolution of the ISH does not allow us to
determine which cell types make PDGF B-chain. For the
most part PDGF B-chain expression in the developing
mouse kidney is associated with blood vessels and is
probably due to endothelial cell expression. B-chain-ex-
pressing cells are seen being recruited into the forming
mouse glomeruli and B-chain is relatively highly expressed
in vascularized glomeruli. In the adult mouse kidney,
expression of PDGF B-chain remains restricted to endo-
thelial cells in glomeruli and blood vessels. Low but detect-
able expression of PDGF B-chain transcripts are also found
in adult rat glomeruli [11] [27]. We did not observe PDGF
B-chain expression in distal and collecting tubules as is seen
in normal rat kidney [28, 29].
PDGFRb
PDGFRb is expressed by blastemal cells in both devel-
oping mouse and human [26] kidneys, but at different
levels. In fetal human kidney, PDGFRb expression in
blastema is at least as strong as expression in kidney
mesenchyme. In embryonic mouse kidney, PDGFRb ex-
pression in blastema is much lower than in kidney mesen-
chyme. Strong expression of PDGFRb is observed in newly
formed glomeruli in both mouse (Fig. 5) and human [26]
and PDGFRb expression by mesangial cells persists in
adult kidneys from mouse, rat and human. Studies in rats
have suggested that PDGFRb expressed by mesangial cells
in adult kidneys can be engaged by PDGF released locally
Fig. 4. PDGF/PDGFR expression during early glomerular differentiation of E17.5 mouse. The abbreviation c is the “comma-shaped” early stage
differentiating glomeruli. The black arrowhead points to PDGFRb expressing cells entering the glomerular structure (c), and the black arrow points
to PDGF B-chain expressing cells entering the glomerular structure (d). Epithelial expression of PDGF B-chain expression in early glomerulus is shown
in panel e. The bar in panel e represents 20 microns.
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by infiltrating macrophages or platelets or by the mesangial
cells themselves in injury states [11]. The second class of
PDGFRb-expressing cells are connective tissue cells, in-
cluding adventitial fibroblasts surrounding blood vessels,
and interstitial cells (Figs. 9, 10, 13 and 14) [11, 20, 26, 30,
31]. The interstitial cells expressing PDGFRb are probably
fibroblasts, not endothelial cells [20]. We did not observe
PDGFRb expression in parietal epithelial cells as has been
reported in adult human kidneys [20], nor in distal or
collecting epithelial cells as observed in rat kidney [29].
Significance and correlates of the pattern of
PDGF/PDGFR genes in mouse kidney
Orr-Urtreger and Lonai compared expression of PDGF
A-chain and PDGFRa in mouse embryos (but not in the
kidney) and observed that PDGF A-chain is generally
expressed in epithelial cells, whereas PDGFRa is expressed
by adjacent mesenchymally-derived stromal cells [32]. In
their review of PDGF/PDGFR expression during develop-
ment, Ataliotis and Mercola support this relationship and
suggest that this reciprocal expression pattern indicates a
role for PDGF/PDGFR in inductive interactions during
development [33]. We also observe pair-wise expression of
PDGF ligand and PDGFR in both the developing and
adult kidney in the current study. PDGF A-chain expres-
sion in epithelial cells is associated with PDGFRa expres-
sion in mesenchymal cells and PDGF B-chain expression in
endothelial cells is associated with PDGFRb expression in
vascular smooth muscle cells.
PDGF A-chain and PDGFRa
Of the four PDGF/PDGFR genes, PDGF A-chain is the
gene primarily expressed by differentiated epithelial struc-
tures in the mouse kidney. PDGF A-chain is expressed at
day E14.5 throughout the length of the ureteric tube (data
not shown) and at later developmental times (E17.5)
expression is still elevated at the tips of the ureteric bud in
the cortex and in epithelial cells lining the renal pelvis
(Figs. 1 and 3). The highest expression of PDGF A-chain in
Fig. 5. PDGF/PDGFR expression in vascularized glomeruli of E17.5 mouse. Early stage glomerular structures containing capillaries are shown in panels
a-d. The low power darkfield view of brain from a 15-day-old mouse embryo shows PDGF B-chain transcript expression (e). The area encompassed by
the white box is shown at higher magnification in panel f. The black bar in panel c represents 20 microns and applies to panels a-d and f; the white bar
in panel e represents 200 microns.
Seifert et al: Expression of PDGF/PDGFR in kidney 739
both embryonic and adult kidney is in tubular epithelial
cells near the renal pelvis (Figs. 7 and 8). We suggest that
these tubular structures in both the embryonic and the
adult kidney are portions of the loop of Henle. We base this
suggestion on the following observations. (a) Neither the
proximal nor distal tubule epithelia in either the embryonic
or the adult kidney cortex express PDGF A-chain. (b)
PDGF A-chain labeled tubular epithelial cells are located
near the fetal renal pelvis and in the adult renal papilla but
yet are not seen emptying into the renal pelvis. Rather, they
appear to terminate or or to loop back to the cortex, which
are the expected location and characteristics of the tubular
epithelia of the loop of Henle. Within this structure,
A-chain expression appears to be restricted to the epithelia
occupying the deepest position of the loop (Fig. 7) and, at
least in the adult kidney, the ascending and descending
arms of the loop of Henle do not appear to have PDGF
A-chain expressing epithelial cells.
PDGFRa transcripts are broadly expressed by mesen-
chymal/interstitial cells, and are highest in cells nearest the
Fig. 6. PDGF/PDGFR expression around
cortical tubules of an E17.5 mouse.
Abbreviation P is proximal tubule. Black
arrowheads point to interstitial cells expressing
PDGFRa (a) or PDGFRb (c) transcripts. The
bar in panel c represents 20 microns.
Fig. 7. PDGF/PDGFR expression in medulla of
an E17.5 mouse. Abbreviation L is loop of
Henle tubular epithelia. The bar in panel c
represents 20 microns.
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Fig. 8. PDGF/PDGFR expression in the adult mouse kidney. (a) Brightfield micrograph of an H & E stained longitudinal section that shows the
morphology of the adult kidney including the cortex, medulla and the papilla extending into the renal pelvis and indicates the approximate
locations at which the higher magnification micrographs in Figures 9 to 13 were obtained. Darkfield micrographs of adjacent sections evaluated
by in situ hybridization of expression of PDGFRa (b), PDGF A-chain (c), PDGFRb (d), and PDGF B-chain (e). The bar in panel e represents
500 microns.
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sources of PDGF A-chain. Adventitial fibroblasts around
developing blood vessels express PDGFRa and may re-
ceive trophic support via PDGF A-chain from the under-
lying vascular smooth muscle cells. The highest expression
of both PDGF A-chain and PDGFRa is in the renal
pyramid of both the embryonic and adult kidney (Figs. 1
and 8). In the embryonic kidney, PDGFRa is expressed by
undifferentiated mesenchymal cells but in the adult, ex-
pression in the renal pyramid is largely limited to a
distinctive interstitial cell type that we believe is the lipid-
laden interstitial cell described by Lemley and Kriz [21].
The paired expression pattern for PDGF A-chain and
PDGFRa suggests that PDGF A-chain acting via PDGFRa
may drive stroma formation in these regions. This is
supported by the phenotype of the Patch mutation in
mouse, in which inactivation of the PDGFRa gene results
in a dramatic deficit of fibroblasts in every tissue [7]. The
inactivation of PDGF A-chain by homologous recombina-
tion [6] did not have this general and severe effect on
connective tissue development. Since both PDGF A-chain
and PDGF B-chain can bind to PDGFRa, it is likely that
both ligand genes contribute to activation of PDGFRa in
Fig. 9. PDGF/PDGFR expression in the
glomerulus of an adult mouse. The bar in panel
c represents 20 microns.
Fig. 10. PDGF/PDGFR expression around
proximal tubules of an adult mouse kidney.
Abbreviation P is proximal tubule. The black
arrowheads indicate interstitial cells expressing
PDGFRa (a), PDGFRb (c) or PDGF B-chain
(d). The bar in panel c represents 20 microns.
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connective tissue so that disruption of PDGFRa produces
a more severe phenotype than does disruption of either
ligand gene alone. The continued expression of PDGFRa
in adult stroma, especially in the papilla, is consistent with
a role for PDGF in the interstitial fibrosis that occurs in
some pathological conditions. In humans, these cells have
been considered the cell of origin of medullary fibrosis, a
common finding at autopsy but one of unknown clinical
significance [34]. These cells also have been implicated in
the production of vasoactive hormones (possibly prosta-
glandins) that exert an anti-hypertensive effect in exper-
imental disease models [35]. Localization of PDGFRa
and PDGFRb to these cells offers the first clue as to
what signaling molecules may be involved in their regu-
lation.
PDGF B-chain and PDGFRb
PDGF B-chain and PDGFRb expression in the embry-
onic kidney is greatest in glomeruli and in developing
vascular structures. As the blastemally-derived vesicle elon-
gates and folds, it encapsulates a portion of surrounding
mesenchyme and associated vasculature. The mesenchyme
Fig. 11. PDGF/PDGFR expression in
medullary region of an adult mouse kidney.
Abbreviation te is tubular epithelia. The black
arrowheads indicate interstitial cells expressing
PDGFRa (a) or PDGFRb (c), and the black
arrow in (d) indicates PDGF B-chain expressing
cells in a longitudinally sectioned blood vessel
in the medullary region. The bar in panel c
represents 20 microns.
Fig. 12. PDGF/PDGFR expression in papillary
region of an adult mouse kidney. The
abbreviation te is tubular epithelia. The black
arrowheads indicate lipid-laden interstitial cells
expressing PDGFRa (a) or PDGFRb (c), the
white arrowhead (b) indicates PDGF A-chain
expression by tubular epithelial cells, and the
black arrow (d) indicates interstitial cells
expressing PDGF B-chain. The bar in panel c
represents 20 microns.
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enveloped by the folding vesicle expresses high levels of
PDGFRb and PDGF B-chain transcripts (Fig. 4) associ-
ated with the recruited vasculature. PDGF B-chain and
PDGFRb are both highly expressed in early stage glomer-
uli (Fig. 5), presumably by capillary endothelial cells and
mesangial cell precursors, respectively, and PDGF B-chain
expression remains detectable in glomerular capillaries in
adult mouse kidneys (Fig. 9). The importance of PDGF
B-chain and PDGFRb for formation of the glomerular
vasculature is underscored by the characteristic malforma-
tion observed in the kidneys of mice in which expression of
either of these genes has been eliminated by homologous
recombination [4, 5]. The glomeruli in these mice do not
contain mesangial cells and the endothelial cells form a
single or bi-lobed aneurysmal bulb that fills the glomerulus.
These results suggest that recruitment of capillary endothe-
lial cells occurs independently of PDGF/PDGFR genes but
that recruitment/proliferation of mesangial cells is highly
dependent on PDGF B-chain expression by endothelial
cells. This interaction has been proposed by Lindahl et al
Fig. 13. PDGF/PDGFR expression in small
blood vessels of an adult mouse. The
abbreviation bv is blood vessel. The black
arrowheads indicate adventitial cells expressing
PDGFRa (a) or PDGFRb (c). The white
arrowhead (b) indicates low level PDGF A-
chain expression by vascular smooth muscle
cells, and the black arrow indicates vascular
endothelial cells expressing PDGF B-chain (d).
The bar in panel c represents 20 microns.
Fig. 14. PDGF/PDGFR expression in the renal
arteries of an adult mouse. The abbreviation A
is the artery in kidney. The black arrowheads
indicate adventitial cells expressing PDGFRa
(a) or PDGFRb (c). The black arrows indicate
vascular endothelial cells expressing PDGF B-
chain (d). The bar in panel c represents 20
microns.
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based on similar observation of PDGF B-chain and
PDGFRb expression patterns in the brain, kidney and
other organs [36].
PDGF B-chain and PDGFRb are also highly expressed
by developing vascular cells outside of the glomerulus. In
adult kidneys, PDGF B-chain expression remains charac-
teristic of endothelial cells in arteries and arterioles (Figs.
13 and 14), and probably interstitial capillary endothelial
cells. (Figs. 10 to 12). PDGFRb is often expressed by cells
adjacent to these PDGF B-chain expressing endothelial
cells, for example, by pericytes and/or interstitial fibroblasts
[20] in the cortex, medulla, and papilla (Figs. 10 to 12). An
interesting exception is seen in larger blood vessels in adult
kidneys (and in other adult organs). In these vessels,
PDGFRb is highly expressed by adventitial cells but is not
detectably expressed by the smooth muscle cells (Figs. 13 to
14). Since PDGFRb expression is high in smooth muscle
cells of all of embryonic large arteries, even as late as E17
(our unpublished observations), PDGFRb expression by
vascular smooth muscle cells must be markedly diminished
at some time between late gestation and adulthood. This
downregulation of receptor expression may be the mecha-
nism through which the continued expression of PDGF
B-chain by the endothelial cells is kept from driving con-
tinuous proliferation of adjacent smooth muscle cells in the
mature vessel. Conversely, upregulation of PDGF recep-
tors may be involved in enhancing signaling via the PDGF
B-chain/PDGFRb system in pathological responses in the
kidney [10, 11].
In summary, we provide the first complete map of
transcript expression of the PDGF ligand/receptor system
in the developing and mature mouse kidney, and have
discussed how the pattern of expression compares with that
in other species. An important and consistent observation
between mice and humans is the widespread expression of
PDGFRa receptor and PDGFRb receptor in the mesan-
gial and interstitial cells of developing and mature kidneys.
It has been shown in rats that these cells are responsive to
infused PDGF B-chain in vivo, and that these cells mediate
some of the sclerosing processes of chronic renal injury in
rats and humans. Some of our findings, such as the
predominant expression of PDGF A-chain in medullary
regions, are without precedent from studies in other spe-
cies. Knowledge of the similarities (and differences) be-
tween mouse and other species will be particularly useful as
murine models of renal disease are developed. The mouse
models will allow transgenic and knockout lines to be used
to test the functions of specific genes that have been
deduced from studies of rat models and human specimens.
However, the significance of those findings for human
pathologies will need to be considered in light of the
similarities (and differences) between the ways that genes
are expressed in different species.
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APPENDIX
Abbreviations used in this article are: PDGF, platelet-derived growth
factor; PDGF/PDGFR, PDGF ligands and receptors; PDGFRa, PDGF
receptor a-subunit; PDGFRb, PDGF receptor b-subunit.
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